Solid-state thin film batteries utilize electrode and electrolyte components which are nanometers or micrometers thick, enabling the production of novel devices with new form factors. Here, in situ X-ray diffraction is used to carry out the first study of a solid-state thin film lithium-ion battery containing a solid-state LiPON electrolyte and Bi negative electrode. The structure-electrochemistry relationships in the Li-Bi system are revealed and details of cell construction, data collection, and data analysis is presented to guide for research.
INTRODUCTION
All-solid-state microbatteries are an interesting development of conventional Li-ion batteries (LIBs), which operate in the same potential window and by similar reaction mechanisms. All-solidstate thin film lithium batteries (microbatteries) are becoming an essential component of emerging autonomous miniaturized electronic devices, allowing a maximized integration of their power source. Microbatteries are electrochemical cells in which thin films of the different cell components are stacked by various deposition techniques to form a functional electrochemical device, with individual layers having thicknesses ranging from tens of nanometers to a few micrometers. Typically, thin film battery systems consist of crystalline lithium intercalation compounds as the cathode, and metallic lithium negative electrodes (lithium thin film battery) or inorganic compounds in which the initial charge is used to form a negative electrode by lithium plating ("lithium-free thin film batteries") (Dudney and Neudecker, 1999; Bates et al., 2000) . Thin films are generally prepared by vacuum deposition techniques such as sputtering or evaporation, which are already under widespread use in microelectronics fabrication (Kanehori et al., 1983; Dudney and Neudecker, 1999) . The patterning of each material level, from the current collectors to the encapsulation layers, can be achieved either by shadow masking or by photolithography, allowing for customizable footprints with areas ranging from mm 2 to cm 2 .
In thin film batteries, where diffusion lengths are minimized, solid-state electrolytes are favorable. Solid-state electrolytes are inherently advantageous over liquid electrolytes in terms of safety and handling thanks to their electrochemical, mechanical and thermal stability (Takada, 2013; Teng et al., 2014) . Issues with capacity fade caused by the formation of a solid-electrolyte interface (SEI) are also avoided by using a solid-state electrolyte. This contributes to the cell achieving a long calendar life, good capacity retention and stable electrochemical response Fleutot et al., 2011; Cras et al., 2015) . Electrochemical stability of solidstate electrolytes typically over a wider voltage window also allows for cells to operate at high voltages enabling higher energy densities to be achieved. Further, parasitic electrochemical reactions between the electrolyte and electrode are drastically reduced, if not suppressed (Bates et al., 1994) .
Another useful asset of these cells is their 2D design, which can minimize large changes in the volume of the electrodes during (de-)lithiation (Zhao et al., 2015) . Deposition techniques allow for a large variety of electrode materials to be used, from amorphous to crystalline, from thermodynamically stable to metastable forms, and from simple to complex multiphase compounds. The thickness of the layers can also be finely controlled which can be useful to counterbalance low ionic/electronic conductivity. Electrode materials that can be prepared by sputtering or by pulsed laser deposition are indeed numerous and include well-known intercalation materials LiCoO 2 Yoon et al., 2013) , LiMn 2 O 4 (Jones et al., 1994) , LiNi 0.5 Mn 1.5 O 4 (Xia et al., 2007) , LiFePO 4 (Bajars et al., 2011) , V 2 O 5 (West et al., 1992) , conversion reaction materials FeS 2 (Pelé et al., 2015) , CuO (Pecquenard et al., 2014) , and pure or mixed Li-alloying materials (Dimov, 2009) . In bulk battery systems, the use of lithium alloy negative electrodes has generally been avoided due to the significant volume changes which occur during the alloying process as a result of lithium insertion/removal (Besenhard et al., 1997) . However, the high packing density of metallic lithium and lithium alloys makes it attractive to re-consider the use of lithium alloy negative electrodes for thin film batteries, where the volume change will not be nearly as significant as the bulk, and the increased specific capacity could be especially useful. A number of lithium binary alloy systems have been explored (Massalski et al., 1986) , including Li-Al (Yao et al., 1971; Bang et al., 2001) , Li-Si (Wen and Huggins, 1981) , Li-Sn, and LiCd among others (Huggins, 1999) . The high-packing density achieved when lithium is inserted into the metallic lattice is favorable for achieving better specific and volumetric capacities compared with lithium intercalation into carbonaceous materials (Besenhard et al., 1997) .
Several systems using a lithium alloy negative electrode have been reported to date (Besenhard et al., 1997; Huggins, 1999; Bang et al., 2001; Zhang, 2011) . In particular, Bi is an interesting candidate for use in thin film batteries for powering new, emerging microelectronics devices (Crosnier et al., 2001) . Moreover Bi, which is a non-toxic material, has a high sputtering yield allowing the growth of several hundred nanometer thick thin films in a limited period of time. Li-Bi alloys form at relatively low potentials (0.8-0.6 V) which avoids electrochemical activity from other cell components vs. lithium (Crosnier et al., 2001; Xianming et al., 2002) . Bi also offers a good theoretical specific capacity of 385 mAh g −1 , which is comparable to that of graphite (372 mAh g −1 ) (Zhang, 2011) , and a high volumetric capacity of 3,800 mAh cm −3 . The galvanostatic cycle curve of Bi vs. Li + /Li is in agreement with the phase diagram, displaying two discharge plateaus corresponding to the formation of an LiBi phase, followed by the formation of Li 3 Bi upon further Li insertion. Recently, it has also been clearly demonstrated that lithium binary alloy systems, especially Li-Si, may have a great interest in all-solid-state thin film configuration despite the large volume variation (300 % from Si to Li 15 Si 4 ) occurring during Li insertion (Phan et al., 2012) .
Several in situ structural studies of LIB systems have been carried out using both synchrotron X-ray diffraction (XRD) and neutron powder diffraction (NPD) (Sharma and Peterson, 2012; Hu et al., 2013; Pang et al., 2015; Sharma et al., 2015a; Goonetilleke et al., 2017) . These studies allow the structural changes which take place in active materials to be related to the devices' electrochemical activity in real-time. While most in situ structural studies have focused on conventional LIBs using a liquid electrolyte (Sharma et al., 2015b) , in situ structural characterization of a thin film battery utilizing a polymer electrolyte has been reported (Gustafsson et al., 1992) . Solidstate batteries are ideal for diffraction studies as the absence of a liquid electrolyte and amorphous components such as separators removes large background contributions. Thus, considering their excellent electrochemical behavior, their versatility in terms of materials and their simple design, 2D all-solid-state thin film lithium microbatteries appear as promising devices to carry out in situ structural studies of various electrode materials. In situ and/or operando characterization of electrode materials operating in all-solid-state cells are rare. They mainly focus on chemical depth profiling by means of neutron techniques (Oudenhoven et al., 2011; Wang et al., 2017) or chemical analysis of solid-solid interfaces by means of scanning tunneling electron microscopy-electron energy loss spectroscopy (STEM-EELS, (Ma et al., 2016; Wang et al., 2016; Gong et al., 2017) . To our knowledge, no in situ structural characterization has been carried out by X-ray diffraction on ceramic all-solid-state batteries so far.
We focused our study on the following stack: Bi | LiPON | Li, because it constitutes a model stack for in situ analysis, Bi being a heavy element and a crystalline material (well-adapted for Xray analysis) and a potential candidate to replace Li as a negative electrode in all-solid-state thin film batteries. We report for the first time an in situ X-ray diffraction study of Bi/LiPON/Li allsolid-state cells. This preliminary study was achieved to follow the formation of lithium alloys during cycling of the cell.
EXPERIMENTAL Cell Design
As all-solid-state thin film batteries do not contain any liquid, conductive additives or polymeric binders, their format is thus well suited for in situ diffraction studies (Zhou et al., 2013) . Nevertheless, particular attention was devoted to the cell design considerations to ensure high quality diffraction data, including thickness of the electrode and electrolyte films, thickness and nature of substrate and encapsulation layers and surface and positioning of the cells on the substrate and the sample holder. As detailed below, the thickness of the active material is about a few hundred nanometers. A LiPON electrolyte (Bates et al., 1992) was chosen as it is an amorphous solid-state electrolyte for lithium ion batteries that induces little-to-no scattering. This electrolyte offers high ionic conductivity and chemical stability against metallic lithium, which has led to its reported application in several solid-state LIB systems (Dudney, 2005; Jacke et al., 2010; Senevirathne et al., 2013) . The thickness of substrate and encapsulation layers can contribute to a reduction in cell performance. Both were slimmed down as much as possible while keeping sufficient mechanical properties.
Four 9 × 9 mm 2 all-solid-state cells were prepared on thin glass substrate (50 µm thick, AF32 borosilicate glass, Schott Gmbh) by ICMCB and CEA in a chamber connected to a glove-box. The deposition of all levels of the stack was made through a shadow mask to localize each layer. A 200 nm Cr thin film was first deposited by sputtering to favor the adhesion of Bi thin film on the glass substrate. The Bi (250 nm) thin film was grown by radiofrequency sputtering under Ar on the Cr current collector. The Li-Bi binary diagram displays two definite compounds LiBi and Li 3 Bi (Sangster and Pelton, 1991) . These compounds have a melting temperature higher than the maximum temperature applied during the solderreflow process used to connect the electronic components on the printed circuit board (about 260 • C). This feature constitutes a great advantage for practical use compared to metallic Li. The LiPON solid electrolyte film, 1.4 µm thick, was then deposited by RF reactive sputtering under pure nitrogen atmosphere. To complete the active part of the microbattery, a metallic lithium film, 3 µm thick, was then deposited on the LiPON film by thermal evaporation. More thorough characterization of similarly prepared solid-state thin film microbatteries has been published in previous studies (Fleutot et al., 2011; Phan et al., 2012; Cras et al., 2015) . To protect the active stack from moisture and oxygen, the whole group of 4 cells was capped by a second layer of thin glass. A polymer seal was interposed between the two glass sheets, on the rim of the group of cells to limit the X-ray absorption in this area. The glass substrate was then attached to a rigid printed circuit board and the electrical connection with the cells was achieved using silverfilled epoxy.
In Situ X-Ray Diffraction
High-intensity synchrotron radiation is a necessity to ensure that sufficient intensity can be achieved given the small interaction volume, while allowing for adequate time resolution between each collection. In situ X-ray diffraction data were collected in transmission geometry using the Powder Diffraction Beamline at the Australian Synchrotron (Wallwork et al., 2007) , using a wavelength of 0.618952(7) Å determined using the NIST 660b LaB 6 standard reference material (Black et al., 2011) . The incident beam, with a profile of 1.2 × 3 mm, was focused at the center of a single microbattery cell, see Figure 1 . Data were collected in the range 5 • < 2θ < 84 • with collection times of 4 min that were continuously recorded. The microbattery was charged potentiostatically by applying a 0.8 V potential to the cell using a Neware BTS3000 Battery Testing System. Rietveld refinements (Rietveld, 1969) using the in situ XRD data were carried out using GSAS-II (Toby and Von Dreele, 2013) . Single peak fits were carried out using Gaussian peak shapes with a linear background in LAMP (Richard et al., 1996) .
RESULTS AND DISCUSSION

Rietveld Refinement
In order to investigate how the structures of the different phases present within the cell evolve over time, sequential Rietveld refinement of structural models against the collected XRD data was undertaken. Due to the nature of the data, which contains contributions from multiple phases which may exhibit preferred orientation, and background contributions from amorphous phases, it is important to note that several constraints are applied to the data. When carrying out sequential refinement, a number of parameters are refined for only one dataset and fixed, while others are allowed to refine throughout the electrochemical process. The fixed parameters include the peak profile parameters, sample parameters, and atomic parameters of the various phases. Peak profile parameters and sample parameters, such as the overall scale factor, sample displacement and sample absorption are fixed as their contributions are known to remain constant throughout the experiment, e.g., the intensity and profile of the incident X-ray beam remain essentially constant, and the sample position relative to the detector remains fixed. Due to the number of phases and low sensitivity of X-rays toward Li, precise structural characterization of the phases present is not possible, and so atomic parameters such as atomic coordinates and atomic displacement parameters (ADPs) were fixed. Parameters allowed to refine throughout include the background (Chebyschev function, 13 terms), scale factors for each phase, and structural lattice parameters, apart from Cr and Li which are not expected to undergo expansion/contraction during cycling. Figures 2A,B show refinements of the first and last datasets, showing the phases present in the discharged and charged state respectively. The observed data is represented by black crosses, while the calculated model is represented by the line through the data. The line below shows the difference between the observed and calculated data. Large spikes in the difference line indicate regions where the least squares refinement approach struggles to model the intensity of particular reflections, in particular the Bi reflection at 2θ ≈ 10.8 • in Figure 2B . The statistics for the refinements shown in Figures 2A,B are wR p = 7.70% and wR p = 9.19%, respectively. The wR p value was found to increase over time, indicating the difficulty in modeling the intensity of the Bi phase which appears as the cell was charged. In this system the discrepancy between the calculated intensity and observed intensity can be attributed primarily to two contributions, micro-absorption and sample texturing. Micro-absorption which can arise in systems where there is a large difference in X-ray absorption coefficients between two phases (Taylor and Matulis, 1991) , e.g., between Li and Bi in this system. Due to the nature of thin film samples, in which growth of films can occur along particular crystallographic planes, sample texturing can also lead to mismatch between the intensity of calculated models and the observed data for particular reflections (Zolotoyabko, 2009) . Sample texturing can be modeled using a preferred orientation model. In this analysis, the strength and direction (along a particular crystallographic plane) of the orientation effects were accounted for using the March-Dollase approach (Von Dreele, 1997). Discrepancies in reflection intensities due to sample texturing can be modeled for each phase individually. Despite "rocking" of the sample stage to improve powder averaging, refinement results suggest strong preferred orientation in the data. It is important to note such contributions which can introduce difficulty in fitting the data, however information about the structural changes taking place within the microbattery such as lattice parameters and phase composition can still be extracted with good confidence. Another consideration to make is that the significant volume expansion often observed during alloying reactions could cause the cell to be displaced relative to the incident beam and affect the cell parameters determined by Rietveld refinement. However, given the nanoscale dimensions of the cell, the magnitude of the volume change is expected to be negligible relative to what would be required to cause issues in the collection of diffraction data, and this is confirmed by the fact that no shift in the position of reflections from the electrochemically inactive cell components is observed during electrochemical cycling. Figure 3 shows the evolution of the diffraction data over time. The alloys formed through electrochemical alloying are known to be identical to those formed metallurgically (Dey, 1971) , and in the Li-Bi system. The LiBi and Li 3 Bi phases may be formed at ambient temperatures (Zintl and Brauer, 1935; Sangster and Pelton, 1991) . In this study, reflections corresponding to the lithiated bismuth phases LiBi, Li 3 Bi were observed as well as Bi. Additional reflections can also be seen from the Li metal, and the Cr current collectors, as indicated by the markers above the contour plot. The structures and lattice parameters of the observed phases as determined by Rietveld refinement are detailed in in Table 1 , and examples of refined fits are shown in Figure 2 .
Structural Evolution
The cell was charged potentiostatically at 0.8 V to drive the lithium de-intercalation reactions in the electrode materials. We can observe a series of two-phase reactions occurring. Figure 4 shows how phase fractions of the three major phases change over time. As the battery is charged, Li is removed from the BiLi negative electrode material, resulting in a gradual decrease in the amount of the Li-rich Li 3 Bi phase, which reacts to form LiBi, and hence a rapid increase in the amount of LiBi is observed near the beginning of the experiment. As the cell is charged further, the LiBi content begins to decrease and a concurrent increase in the amount of Bi present is observed. A possible reaction pathway is described in Figure 5 , where we observe reversal of the lithium alloying with Bi via the following Figure S1 shows an example of a typical charge-discharge curve of a Bi/LiPON/Li all-solid-state cell. The potential profile exhibits two plateaus corresponding to two reactions described above. A similar reaction pathway has been demonstrated for sodium-ion batteries (NIBs) utilizing Bi as a negative electrode material (Gao et al., 2018) . The reversibility of the alloying process has been demonstrated previously (Xianming et al., 2002) , however it could not be demonstrated during the available beamtime, given the low current densities which thin film batteries were exposed to in this case. An additional reflection is also observed at 2θ ≈ 8.8 • , see Figure 5 , resulting from the (1 1 0) plane in Li 2 Bi. This Li 2 Bi phase forms in small quantities during conversion from Li 3 Bi at the discharged state to LiBi during charge. The Li 2 Bi structure was recently reported in an amendment to the Li-Bi phase diagram (Pavlyuk et al., 2015) . Li 2 Bi adopts a hexagonal unit with space group P−6 2 c, and in our cell was found to have lattice parameters of a = 8.061(5) Å and c = 6.835(3) Å. In Figure 5 we also observe reflections corresponding to the (1 1 1), (0 0 1) and (0 0 3) planes of Li 3 Bi, LiBi, and Bi respectively.
Closer inspection of the diffraction data in Figure 5 shows a slight shift in the position of the LiBi 001 reflection (2θ ≈ 8.37 • ) at the beginning of the experiment. Beyond this point, the lattice parameters of the lithiated bismuth phases remain constant, see Figure 6 , and reaction proceeds via a two-phase mechanism as Bi is formed. The a and c lattice parameters of LiBi, see Figures 6B,C, behave nearly identically as the insertion of lithium into Li x Bi causes an isotropic expansion of the unit cell.
CONCLUSIONS
The use of in situ diffraction to study structural evolution in thin film devices is demonstrated. A series of phase transitions from lithiated bismuth to bismuth metal were identified as the device was charged. This preliminary study of a Bi/LiPON/Li all-solid-state cell demonstrates that these thin film devices can be used to explore the phase transformations which occur within the electrodes during cell operation. Further, the ability to resolve these phase transformations highlights that electrochemical insertion could provide a novel way to explore the phase diagrams of binary alloy systems at ambient temperatures.
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